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Velocity Measurements by Laser Resonance Fluorescence 


C. Y. She and W. M. Fairbank, Jr. 
Physics Department, Colorado State University 
Fort Collins, Colorado 80523 


I. Introduction 

This is the final report for NASA grant NSC-2287 entitled "Velocity 
Measurements by Laser Resonance Fluorescence of Individual Atoms". The 
research was supported from December 1, 1977 to August 31, 1980 by NASA 
Ames Research Center with grants totaling $65,000. The experimental 
research has continued after the termination date of the grant and is 
still continuing without government support. We have delayed our final 
report in order to include some of the recent experimental results. 

The goals of this research project were: (1) to use the photon- 

burst correlation method to detect single atoms in a buffer gas, (2) to 
demonstrate real-time flow velocity measurements with laser induced 
resonance fluorescence from single or multiple atoms, and (3) to evaluate 
tl»is method as a tool for wind tunnel flow measurement. These types of 
experiments have never been attempted before. It is thus not surprising 
that our research progress has been somewhat slower than we had originally 
anticipated. Nevertheless, all these goals have now been accomplished. 

As a side benefit, the demonstration of the ability to probe a single 
atom has generated considerable interest in the physics community and has 
opened up new pcsslblltles in basic research. One example is the diffu- 
sion coefficient measurements we have made. Other possibilities include 
a variety of fundamental physics experiments which require single atom 
sensitivity including the solar neutrino problem, geophysical abundance 
measurements, and detection of nuclear explosions and radioactive leaks. 
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The main portion of this report (Section II) is a brief summary of 
our research progress where the major achievements will be stated in 
chronological order. We have recently prepared a detailed summary 
(Appendix I) of our research findings on this project. It is the text 
of a talk we will present at the SPIE Meeting in Washington, D.C., 

April, 1981. It will be published by SPIE in a book form, entitled 
"Laser Spectroscopy for Sensitive Detection". In Section III, we list 
our publications and presentations related to this project, as well as 
the Ph.D. theses partially supported by this research project. Reprints 
of two of the technical publications are included in Appendices II and III. 

II. Summary of Research Progress (1978-1981) 

During the first six mouths we set up our experimental apparatus 
and measured the collection and detection efficiencies. We tried to 
detect single atoms in one vacuum cell and one flow cell, but were unsuc- 
cessful because of the presence of a high level of stray light. During 
the second half of 1978, we made a detachable flow cell consisting of a 
center section made of pyrex glass where sodium atoms are seeded into 
flowing buffer gases and two end sections made of brass mounted with 
Brewster windows. Baffles and a light trap were used and the interior 
was blackened to reduce the stray light reaching the detector. The 
results with this cell were much better. The stray light was reduced to 
a level comparable to the Rayleigh scattering from the buffer gas used. 

With the measured total detection efficiency of 0.4Z, single sodium 
atoms in 200 Torr of helium gas were detected and their transit times 
across a laser beam were measured. The detection of a single sodium 

atom in a 200 Torr buffer helium gas typically represents a detection 

18 

sensitivity of one part in 2 x 10 under our experimental conditions. 
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Continued experimentation on the measurement of single atom 
transit-time had led to the conclusion that the apparent single atom 
motion we measured actually represented single atoms diffusing across 
the laser beam rather than atoms moving with the average flow speed of 
the buffer gas. In order to measure the flow speed, a new flow system 
had to be built to produce an average flow fast enough to make diffu- 
sional motion negligible. We also concluded that a higher detection 
efficiency was needed. While we were designing a fast flow nozzle and 
ordering an ellipsoid light collector, we decided to use our setup in 
which diffusion dominates flow to measure diffusion coefficients of Na-He, 
Na-Ne and Na-Ar under different gas pressures. We also examined the con- 
tribution of sodium atoms in excited states to the measured diffusion 
coefficients. This represents an exciting new area of research which has 
not yet been fully explored by us. We ended up spending more than a 
year of time investigating diffusion coefficients. A few experimental 
problems still remain to be overcome. The details of our diffusion coef- 
ficient experiments are given in our SPIE paper (Appendix I of this 
report) . 

A faster flowing system was finally put together and an ellipsoidal 
collector was obtained near the end of July 1980 (one month from the end 
of the grant period). After testing the system parameters and measuring 
the laser beam profiles and the detection efficiency, the first unambig- 
uous flow speed measurements of sodium atoms in helium flow were made 
near the end of 1980. The signal-to-noise for these experiments is 
borderline for single atom detection. We found that when two laser beams 
were used in order to make a velocity measurement, correlation functions 
with good signal-to-noise (S/N _> 5) can be obtained only with multiple 
atoms. This is because of high background light levels and low total 
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detection efficiency (about 1.5*) even with our ellipsoidal collector. 
Figure la shows a flow velocity measurement taken in 0.5 sec with a flow 
speed of 88 m/s. About 60,000 sodium atoms contributed to the observed 
correlation function. If an average is taken over 10 seconds (Fig. lb), 
excellent signal-to-noise can be obtained. We have not tested higher 
flow speeds due to the limited capacity of our vacuum system. We expect 
that speeds faster than 88 m/s can be measured with this technique, but 
the measurement time may need to be increased. Further testing and align- 
ment of our light collection system should improve the total detection 
efficiency by up to a factor of 10. Then the detection time could be 
made considerably smaller (at least 10 times faster). We have also been 
trying to measure velocities using one laser beam. Since the stray light 
is less in this case, it is possible to measure the flow velocity of a 
single atom. The velocity determination is not as clear cut in this 
case. We are currently investigating the accuracy which can be obtained 
with this method. 

In short, after considerable efforts, we have demonstrated that 
single atoms and their real-time diffusional motion in a buffer gas can 
be measured by the fluorescence photon-burst method. By averaging over 
many atoms, we have measured flow velocities up to 88 m/s in a time of 
0.5 sec. We expect that higher flow speeds can be measured by this 
method and that the measurement time can be reduced by a factor of 10 
or more by careful experimental design. At the present time, this 
method is clearly not ready for incorporation in high speed wind tunnels. 
For one thing, we do not know if the stray light level will be higher or 
lower in a wind tunnel. It may be lower because the walls of the obser- 
vation region are farther from the detector than in our experimental 
apparatus. We also do not know what detection efficiency can be obtained 
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Figure la. A two-beara correlation function for a velocity 

measurement in 0.5 sec. Measured speed = 88 m/s. 
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Figure lb. A two-beam correlation function for a velocity 
measurement in 10 sec. Measured speed = 88 m/s. 
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in a wind tunnel situation. Our research indicates that the total 
detection efficiency must be at least 1% for practical flow speed measure- 
ments. Any reduction in stray light would reduce the measurement time 
from those we have achieved. 


III. Publications, Presentations and Thesis Work 

Three technical publications, six presentations (three invited) and 
two Ph.D. theses resulted from this research project. We list them in 
chronological order as follows: 

1. W. M. Fairbank, Jr., C. L. Pan and C. Y. She, "Measuring the Velocity 
of Single Atoms in Real-Time," presented at the 1978 International 
Quantum Electronics Conference, May, 1978. 

2. C. Y. She, C. L. Pan, J. V. Prodan and W. M. Fairbank, Jr., 

"Measuring the Velocity of Individual Atoms by Laser Resonance 
Fluorescence," presented at the 1979 Conference of Laser Engineering 
and Applications (CLEA) , May 1979. 

* This presentation was selected for a "lay-language" write-up 
and for discussion at a press conference. 

* As the result of this presentation, this research project was 
featured in both Laser Focus (August 1979) and Science News 
(June 16, 1979). 

3. W. M. Fairbank, Jr. and C. Y. She, "Single-Atom Detection with 
Lasers," Optics News, Spring 1979 (see Appendix III). 

4. W. M. Fairbank, Jr., C. L. Pan, J. V. Prodan and C. Y. She, 

"Direct Measurement of Atomic Diffusion Coefficients by Resonance 
Fluorescence Correlation Techniques," presented at the Symposium on 
Atomic Spectroscopy, Tucson, September 1979. 

5. C. L. Pan, "Detection and Transit-Time Measurements of Individual 
Sodium Atoms Diffusing in a Helium Flow by the Laser Resonance 
Fluorescence Correlation Technique," Ph.D. Thesis, Physics Department, 
Colorado State University, Winter 1979. 

6. W. M. Fairbank, Jr., "Laser Fluorescence Detection of Atomic Motion 
and Rare Events," Invited talk presented at the American Physical 
Society Meeting, Chicago, January 1980; Bull. Am. Phys. Soc. 25 , 

44 (1980). 
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7. C. Y. She, J. V. Prodan, C. L. Pan and W. M. Fairbank, Jr., 
"Physiochemical Measurements of Single Atoms In Cases via Fluores- 
cence Correlation," Invited talk presented at the American Chemical 
Society Meeting, Houston, March 1980. 

* This paper was selected for a "lay-language" write-up. 

8. C. L. Pan, J. V. Prodan, W. M. Fairbank, Jr. and C. Y. She, 
"Detection of Individual Atoms in Helium Buffer Gas and Observation 
of their Real-Time Motion," Opt. Letters j>, 459 Nov. 1980 (see 
Appendix II). 

9. W. M. Fairbank, Jr., C. Y. She and J. V. Prodan, "Detection of 
Single Atoms and Measurements of their Motion by the Photon Burst 
Method," to be presented at the Society of Photo-Optical Instrumen- 
tation Engineers (SPIE) Meeting, April 1981 and published as a 
book chapter (see Appendix I). 

10. J. V. Prodan, a Ph.D. thesis to be written soon. 


IV. Appendices 

Three technical publications resulted from this research project 
and are attached as appendices. Appendix I is a technical summary of 
the research progress to date. 

1. W. M. Fairbank, Jr., C. Y. She and J. V. Prodan, "Detection of 
Single Atoms and Measurements of their Motion by the Photon Burst 
Method," to be presented at the Society of Photo-Optical Instrumen- 
tation Engineers (SPIE) Meeting, April 1981 and published as a 
book chapter (see Appendix I). 

2. C. L. Pan, J. V. Prodan, W. M. Fairbank, Jr. and C. Y. She, 
"Detection of Individual Atoms in Helium Buffer Gas and Observation 
of their Real-Time Motion," Opt. Letters 5, 459 Nov. 1980 (see 
Appendix II). 

3. W. M. Fairbank, Jr. and C. Y. She, "Single-Atom Detection with 
Lasers," Optics News, Spring 1979 (see Appendix III). 
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single atoms and measurement of their motion by the photon burst method 
W. M. Falrbank, Jr., C. X. She, and J. V. Prodau 
Department, Colorado State University, Fort Collins, Colorado 80523 


Abstract 


Using a digital correlator, ve record the burst of photons emitted by a single atom as 
it passes through a resonant laser beam. A high efficiency light collection systen allows 
us to register nsny counts from each atom. The transit tine of the atom across the laser 
beam Is computed from the displayed autocorrelation function. By averaging over many 
atoms, ve determine diffusion coefficients for ground state sodium In helium, neon and 
argon. Ue have also used this technique to measure rapid flow speeds of gases. 

Introduce ton 


Resonance fluorescence has long been recognized as a sensitive technique for detection 
of small numbers of atoms. Ulth flame or electrical excitation, about one uanogran (10 11 
atoms) of an element Is detectable. I Ulth modern dye laser excitation, single atoms and 
Ions can nou be detected. 2-7 In this paper ve vlll first review briefly the conditions 
required for detection of single atoms by the photon burst method. Then ve vlll describe 
our most recent experiments In which the temporal characteristics of the photon burst from 
a single atom are recorded by a real-time digital correlator. In this way ve record 
information about the motion of a single atom. Ve vlll also report measurements of the 
average motion of many atoms by this method, from which diffusion coefficients of ground 
state and excited state atoms are determined, and gas flow velocities are measured. 


Theory 


A tvo-level atom (Fig. la) can be excited many times per second If a dye laser Is tuned 
to Its resonant frequency, V}2* An atom excited at time t * 0 vlll decay by spontaneous 
emission of a photon at t % t, the excited state lifetime. It Is then ready to absorb and 
emit a second photon. Thus, approximately 1/t - Aji photons per second can be absorbed 
and emitted by a single atom In a resonant laser beam. Taking stimulated emission Into 
account, the exact expression for the maximum spontaneous emission rate la 


R g * A 2l*2 /( *l + *2* • U> 

vhero g^ and are the degeneracies of the two states. For most stems, this number Is 
about 10 7 -10 3 sec -1 . Therefore, a large number of photons can be obtained from a single 
atom, so long as the atom spends a modest amount of time (>1 usee) In the laser beam. 

The laser Intensity required to saturate the atomic transition Is given by 

l g - 4* Z hc Av / ( (1 + gj/g^V 3 ] . (2) 

For atoms In vacuum, the llnevldth, Av, of the resonant velocity group Is small (about 10 
MHz), and saturation Intensities are low, on the order of 10 mU/cm 1 . Thus low power C" 
dye lasers can be used with beam areas as large as 1 cm2. p or atoms In buffer gases at 
atmospheric pressure, Av % 10 CHx, and l s % 10 V/rm2. Bean areas of 1 nn 2 or smaller are 
usually used in this case. 

The total number of photons emitted by an a to- In a saturated resonant laser beam Is 
given by 


F - n R^T , (3) 

where T ls the time the atom spends In the beam. The constant a is on the order of unity. 
It takes Into account the path of the atom through the beam and the Gaussian variation of 
the laser Intensity across the bean. For example, consider atoms which move tn approxi- 
mately straight line motion with velocity v (e.g., atoms In vacuum or atoms In a rapidly 
flowing butter gas). For these atoms, T - 2w/v, where v ls the laser beam radius. If the 



laser intensity In the center of the beam la equal to 21,, then a » 0.56 for those atoms 
which pass through the center of the laser bean.*' Atoms In a stationary buffer gas will 
diffuse randomly through the laser beam. Their transit times will vary greatly. A typical 
transit time will be T • w^/D, where D Is the diffusion coefficient of the atoms In the 
buffer gas. 
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Figure 1. Atomic level 
schemes: (a) two-level 

atom, e.g., sodium; (b) 
multilevel atom, e.g., 
cesium; (c) atom with 
Intermediate setastable 
level, e.g., barium. 


Table 1. Comparison of Parameters for Single-Atom Detection 
In Vacuum and In a Buffer Cas at 100 K 


Parameter 

Vacuum 

200 Torr 
of He 

Beam diameter, d-2w 

1 mo 

0 . 4 tin 

Saturation intensity, I 6 

16 mW/co^ 

5.6 W / cn- 

Laser power (1 0 /I S *1.9) 

0.12 mV 

6 . 5 mV 

Rns velocity 

660 m/sec 

_ 

Diffusion coefficient 

- 

1 . 9 cs^/ sec 

Transit time, T 

2.2 usee 

2.2 usee 

Saturated fluorescence rate, R^ 

3.6*10^ sec~* 

4.1*10 7 sec" 

Photons emitted, F ( I„ / I S -1 . 9 ) 

43 

4360 

Detection efficiency, c 
Background count, B(tlree T) 

5! 

0.51 

due to stray light 
(8-3*10" ll > 

4*10"- 

21 

due to Rayleigh scattering 

0 

10 

One-atom signal count, S 

2.2 

24 

Slgnal-to-noise ratio, S\'E 

11 

4.3 


As an example, we have calculated the parameters for detection of tingle sodium atoms 
by the photon burst method In vacuum aud In 200 Torr of helium. The results are given in 
Table 1. In vacuum, 4] photons are emitted aa a typical sodium atom passes through the 
center of the laser beam. A total detection efficiency (light collection efficiency times 
detector quantum efficiency) of 5t Is therefore required In order to get multiple counts 
from single atoms. The fraction of laser photons reaching the detector by scattering off 
windows, wills, etc., Is typically 3 » 10" “ In our experiments. Thus the average number 
of stray light photocounts expected during e transit time is only 0.04. Greenless, et al. 
have shown that If one looks for bursts from single atoms, some discrimination against 
background stray light can be achieved In spectroscopy experiments.^ 


For sodium atoms In helium buffer gas. higher powers and smaller laser beam radii are 
usually used. The long transit time characteristic of diffusion motion makes detection 
requirements less severe than In vacuum. ,n the example of Table 1, 4360 photons are 
emitted. A total detection efficiency of only 0.5T still yields 24 signal counts from a 
single atom. Due to the longer sample time, higher laser power, and contribution of 
Rayleigh scattering, background light Is significant In this case. One cat: aoe from Table 
1 that single alum detection Is still possible, but Che expreted elgnal-t o-no lee la onlv 
4.3. 


Many atoms do not have the simple two-level system that sodium and other alkalis have. 
For example, in some cases (e.g., cesium) It may be desirable to excite a higher resonant 
state, as shewn in Fig. lb. For these transitions, R, is typically an order of magnitude 
less than for the first resonance, and l. Is an order of magnitude greater.® Thu* It will 
be difficult to use these transitions for single atom detection In vacuum. It may still 
be possible to detect single atoms In buffer gases using these higher resonances, but 
stray light will be a difficult problem due to the higher laser powers required. 

In many atoms, metastable states or ground state fine structure or hyperfiue structure 
states exist between the ground state aud resonant excited state (e.g., state 3 In Fig. 
Ic). If excited atoms emit a photon at frequency vjj and drop into state 3, they become 
transparent ta the laser bean at vj;. Thus the laser Induced fluorescence process may bo 



prematurely terminated. For the alkaline earth atoms la, Ca, and Sr, this occurs after 
about 25-100 photons. ^ Ue may expect that sln|le alkaline earth atoms can only be detected 
by the photon burst method if a detection efficiency of at least 5Z la used. One alter- 
native, however, is to use two resonant lasers, one at v^j and one at vj2> Keuhauser ct si. 
have shown that this salves the bottlenecking problem in level 3, and allows a continuing 
fluorescence cycle. 6 

Experimental apparatus 

Two types of light collection systems which we have used In our experiments are shown 
In Fig. 2. The light collection efficiency o' the f/1 lens and mirror system of Fig. 2 
was measured to be 41. This could have been Improved by a factor of 2 If antireflection 
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Figure 3. The experimental apparatus. 


Figure 2. Light collection systems 
used In our experiments. 

costings were used on the lenses and Che walls of the sample cell. The quautum efficiency 
of our C31034A photomultiplier tube was measured to be 301. Thus the total detection 
efficiency of this system was about 11. This Is more than adequate for detection of single 
atoms In slowly moving buffer gases (e.g., column 2, Table 1), but It Is not sufficient 
for detection of single atoms In vacuum or supersonic flows (e.g., column 1, Table 1). 

The ellipsoidal collector In Fig. 2 Is a polished ellipsoid available from Melles Crlot 
Corporation. The atoms and the laser beam cross at one focus of the ellipsoid. The 
detector is placed at the other focus. Ue measured a light collection efficiency of 50' 
with the ellipsoid and a total detection efficiency of 151. This system was used In our 
experiments with fast helium flows. 

The complete experimental apparatus Is shown In Fig. 3. The laser beam passes down the 
center of a long cell with three baffles at each end designed to block stray light which 
Is scattered from the cell windows. Sodium atoms are seeded Into the buffer gas flow by 
heating with resistance wire a small pellet of metallic sodium which Is hanging In the 
inlet tube. In our diffusion experiments a vary slow flow of buffer gas carries the 
sodium atoms Into the vicinity of the laser beam, where they diffuse In and out of the 
beam. In our gas flow measurement a , we substituted a glass noaxle for the Inlet tube, so 
that high flow speeds could be obtained. Bursts of photocounta from single atoms are 
processed by an amplifier-discriminator and fed Into a Malvern a lngle-c 1 lpped digital 
correlator (Model 7023). Correlation functions were displayed In real time on an oscillo- 
scope and recorded on a teletype when a permanent record was desired. 

Single atom correlation functions 

Usually the and lum seeding luvrl was adjusted an that there was much lens than one 
sodium aeon In the laser beam at a time, as determined tram the tots! resonance 1 luores- 
cence count race. The measurement time was set for 100 digital samples, corresponding to 
a few milliseconds In a typical experimental run. For most of out runs no photon 
correlations other chan noise fluctuations were observed. For as many as 201 of the 


eeasurenent s (depending on the sodlun concentration used), the correlation functions 
displayed dlscernablc photon bursts. One such correlation function Is slioun in Fig. 4. 

This burst extends over about 12.5 channels or 250 usee. The actual atomic transit tine 
is tines larger than this, or T 1 350 nsec. The total number of photons in the burst 
can be read from the ordinate in t ere ept , *° if the average noise level is subtracted. For 
this burst vc read about 16 counts above noise. The conditions of this experiment were 
fairly close to those tabulated Iti column 2 of Table l. The actual prediction for this 
case is 21 counts. Thus the observations agree well with theory. We believe this to be a 
burst from a single atom moving through the laser beam. When the laser was tuned off 
resonance ve sow no correlations approaching this quality, just small random noise fluctua- 
tions. 
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Figure 4. Correlation function of the 
fluorescence photon burst emitted by one 
sodium atom crossing one laser beam. The 
experimental parameters are: laser power 

3.3 mV, beam radius v - 212 urn, measure- 
ment tine, 100 samples, or 2 msec, meas- 
ured detection efficiency 0.37*. 


Figure 5. Correlation junction obtained 
when two laser beans are used. 


One of the original goals of our research was to use the photon burst method as a means 
of nonlnvaslve measurement of gas flow velocities. Current Laser Doppler Velocinetry 
( LDV ) techniques used In wind tunnels, for example, rely on scattering from dust parti les 
which are so large that they probably lag behind the actual flow at sonic speeds. Uc 
proposed to use seeded atoms as scatterers and detect the resonance fluorescence photons 
emitted by the atoms. ^ Rather than LDV, we chose to use the simpler Laser Tlnc-of -FI igh t 
Velnc imetrv (LTV) method developed by Bartlett and She.** In the LTV methoj, two pa. allot 
laser beams are used, and two photon bursts are seen as the particle passes through the 
two laser beans. The correlation function for the two beam case has a second hump due to 
the cross correlation between the two photon bursts. The transit tine hetveeu the beans, 
t. is read from the location of the second hump on the correlation function. The pjrtic’c 
velocity Is computed from v • d/t, where d Is the measured distance between the two laser 
beams. 


When ve directed two parallel laser beams Into the cell, ve saw some single hump corre- 
lations similar to Fig. 4 and some two-humped correlations such as Fig. 5. Unfortunately, 
the apparent flow velocities recorded in this manner were quite variable. This was puz- 
zling to us. When ve finally estimated the rate of diffusion for these experimental 
conditions, ve discovered that diffusion motion was in fact much faster than the flow of 
the gas. Thus the correlation function in Fig. 5 nay ba due to two separate atoms diffusing 
In and out of the laser bean.-, or a variety of other possibilities. 

Diffusion c o c f f 1 c 1 mi t measurements 

Since the correlation function In Fig. 4 docs represent a measurement of the diffusion 
time (350 ..sec) for a particular atoa.ln a single laser beam. It Is pw'sslble to determi:..- 
the diffusion coefficient for sod turn in helium by averaging correlation functions for 
many atoms. To do this, we let the correlator accumulate a correlation function for about 
10? samples, in which time many atoms pass through the laser beam. The resulting correla- 
tion function is shown in Fig. 6. Theory predicts that the average correlation function 
for diffusing atoms is given by*& 



R(t) - A ♦ 


B 


(4) 


Ul + 4Di/w 2 )(1 + 4Dr/w Z ) 
x y 


In Eq. (4) any elllptlclty In the laser bean cross section is taken Into account by Incor- 
porating semi-major and semi-minor axes, w x and v„ , into the theory. The constant A In 
£q. (4) represents the uncorrelated background noise In the experiment. The solid line In 
Fig. i Is a three-parameter ( A, B , D) fit to the experimental correlation function. The 
measured laser beam radii were used for the parameters v u and Vy . 
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Figure 7. Values of Dp measured in one 
set of experlmentsl runs. The error 
limits ere purely statistical. 


Figure 6. Correlation function averaged 
over many stoma. The solid line Is a 
least-squares fit to Eq. (4). 

Using this method, we have made diffusion coefficient measurements for sodium In helium, 
neon and argon buffer gases at pressures from 100 Torr to 400 Torr. For all three gases, 
the product Dp, diffusion coefficient times pressure, is a constant, as It should be. For 
example, the results of one set of runs In helium Is shown In Fig. 7. The error estimates 
for each point are standard deviations generated by the computer fit to the avaraged 
correlation functions. The average diffusion coefficient shown. Dp - 360 1 16 Torr cn’/sec 
represents a weighted average with a three standard deviation of the mean statistical 
error limit. The results for several sets of runs in the various Inert gases are given in 
Table 2. The error limits listed in parentheses are purely statistical. 

We had originally expecced that this method should give diffusion coefficients accurate 
to better than 10Z. We have discovered, however, that our method of radius measurement 
(finding the l/e? points of the laser Intensity) In these runs Introduced significant 
systematic errors. This was checked by comparing radii measured by the l/e? method with 
radii determined by computer fitting measurements of the complete Causslan profile. The 
results of these two methods differed by up to 6 u (up to 121) . Since the radii w x and 
Uy appear In Eq. (4) as w x * and Wy2, the resulting uncertainties In our diffusion coef- 
ficients are 20-23Z. The final error limits listed In Table 2 take these possible radii 
errors Into account. We are now In the process of repeating all our diffusion coefficient 
* measurements. In our latest runs, we measure the complete laser beam profile In two 
dimensions. This gives us a such better determination of tha parameters w„ and Wy. Vc 
expect chat uur new diffusion coefficient measurements will have less than 10Z uncertainly. 

It should be noted that Eq. (4) Is correct only If the Intensity In the center of the 
"* laser beam, 1 0 , Is well below the saturation Intensity, I ( . For all the diffusion coeffic- 
ient runs described above, the laser power was attenuated until I 0 << 0.1 l s . It Is also 
a property of Che single-clipped correlation function that the average .number of counts 
should be less than 0.1 per sample time In order for this function to accurately reproduce 
the actual correlation fuuctlon. This condition was also satisfied In our diffusion 
expe r lment s . ; 
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Figure 8. Variation of apparent diffusion 
time with laser Intensify. The uumhera 
on the theoretical curve* repreaout the 
ratio of the excited atate iltffualon 
coefficient to the ground elate diffusion 
coefficient. 


Table 2. Measured value* for the 
diffusion oefflclent of grounJ-itate 
■odium stoma In buffer fane* at 315 K. 
lech measurement represents the 
weighted average of 7-24 run* taken on 
a tingle day at preeeuret from 10(1 Torr 
to 400 Torr. 


Buffer 


P P 


Statistical 
Error limit 

Helium 


42 91 

9b 

( *4aI 



3t>ll • 

91 

(tlb) 

9 0 X Neon, 

101 Ho 

323 5 

65 

(till) 



428 1 

103 

(til) 

Argon 


196 : 

40 

( • 101 
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bl 
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When the later Intensity t* Increeeed above 1., two factor* affect the apparent dtffu- 
* 1 o it tla* calculated from the coaputar fit* to observed correlation function*. One 1* the 
fact that the atom tpend* a * t gn 1 f 1 can t portion of tha tine in the excited *t*ta. In the 
excited etate the atom will experience a Jtfferent rate of collision* with buffer ga» 
atone, and It ehould have a different diffti*lott coefficient. The obeerved dtftualon 
ehould repreeent e weighted average of excited end ground etate dlffuelou coefficients. 

The eerond factor le that tha portion of the laeer beta over which the atom 1* eaturateil 
grove larger aa the laeer power le Increaaed. Thle laada to longer apparent dlffuelou 
tinea. We have Bade dlffuelou run* at e constant praeaure (200 Torr) of helium ualng 
later intenaltlae from l 0 /I, • 0.0) to 7. The dlffuelou tinea calculated from the observed 
correlation fuuctlone ere plotted In Fig. 8. An exact aolutlon for the cotretatlon 
function le difficult to derive In thle case. We have nede approximate aolutlon* which 
ere good for Intenaltlae I/I 0 l. Theoretical curve* are displayed In Fig. 8 for various 
excited etate dlffueton coefficient*. The error bar* dleplayed In Fig. 8 repteeent one 
standard deviation, a* determined by the computer fit to the correlation function*. Since 
the data displayed w«* taken on two different day*, additional ayatematlc error* of about 
lot ehould be added to thee* error bare to take Into account poeelble variations In the 
lexer beam etae and shape. Because of th* large experimental uncertainties at low f/I, 
and th* leek of theoretical calculations for I/I, ' 1.0, It la difficult to draw a con- 
clusion about th* axcltad atate diffusion coefficient from Fig. 8. However, It Joes appear 
that th* excited state diffusion coefficient 1* larger than the ground state diffusion 
coefficient. From * simple herd sphere model one might expect just the opposite, because 


the orbit radius of tha outer electron In th* excited atom 1* larger than in the ground 
atate atom. On th* other hand, calculations using recent Ne-K# potential curves'* yield 
300 Tor r -cm* / sec and 130 To r r -cm* /* sc for the ground- end exc 1 t ed-e t a t e dlffuelou coef- 


ficient*. Tht* ratio of 1.27 1* consist- nt with th* result* In Fig. 8. it l* clear that 
more accurst* *ip*rlm*utal data and theoretical curve* for X / 1 M » 1 ar* needed In order to 
get a good determination of th* esclted state dlffueton coefficient. Work 1* In progress 


tu th 


Vary recently. Cl 1 ‘ mukhauov and Shelegln tn the USSR, have proposed that the difference 
between ground state end excited state diffusion coefficients coulj be exploited to sepa- 
rate leotope*.'^ They report observation of high sodium concentrations at one end of a 
sodium cell due to thle effect.' 4 Measurements of th* diffusion coefficient of excited 
etato atoms by method* auch as our* may prove Important tn th* future In evaluating Isotope 
separation acheee* of thle type. 


C«« flow velocity measurement* 


Recently we have Installed the glees noule In the ellipsoidal light collector and have 
attempted to measure the speed of sodium atoms In a fast helium flow. W* have been unsuc- 
cessful In observing good single atom correlation function* because the total detection 
efficiency ha* been low, about 1.41. We were recording only about our count per atom tu 
till* case. On« problem la that when two beam* straddle th* ellipsoid focus, the 
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Sampt* T»r*# 1 p%+c 


KT Si^p<ii («0«*O 
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CHANNEL 


Figure 9. A tvo-baan correlation function 
averaged over 5 « 10 s samples, or 0.5 lor. 
A second hump 1* observed at about channel 
12, Indicating a tranalt tine of 12 mtc 
between beamy. 


0 to 20 M ao M 

CHANNEL 

figure 10. A two-beam correlation 
function averaged over 10 7 samples. or 
10 aac. A more accurate determination 
of the aecond peak poiltion can be made 
In thli caee than In Fig. 9. 


collection efficiency from each beam la leaa than optimum. We have, however, obaerved 
averaged two-humped correlation functlona from multiple atoms. Flgurea 9 and 10 ehow 
averagee over 3 » 10* aamplee (0.3 eec, 60,000 atoma) and 10* aamplea (10 aec , 1.2 >.19 6 
atoma). One can aee that moderately accurate velocity meaeureaent a can be made In 0.3 
aec, and quite accurate meaauremente In 10 aec. From the meaaured beam separation, J - 
1.056 mo, the flow velocity la determined to be v - 68 m/eec. With Improvements In detec- 
tion efficiency of a factor of 10, the meaaureoant time could be 10 times amaller. So far 
we have not yet meaaured epeede ae high aa the apeed of aound In room air, 340 m/sec. But 
our reaulta do ahow that fairly faat flowa can be meaaured In a reasonably short time (<1 
aec) by the photon burst method. 

Concluslon e 

In summary, we have shewn that the temporal nature of the photon burst from a single 
atom can be recorded In real time with moderate algnal-to-nolae. This can be used to 
characterize the notion of that atom. By averaging over many atoms, quite accurate values 
for diffusion coefficients or fast gaa flow velocities can ba determined In a short period 
of else. 
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Detection of individual atoms in helium buffer gas and 
observation of their real-time motion 
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Single atoms are detected and their motion measured for the first time to our knowledge by the fluorescence pho- 
ton-hurst method in the presence of large quantities of buffer gas. A single-dipped digital correlator records the 
photon hurst in real time and displays the atom's transit time across the laser l>cnm. A comparison is made of the 
s|>ecinl requirements for single-atom detection in vacuum and in a buffer gas. Finally, the probability distribution 
of the bursts from many atoms is measured. It further proves that the bursts olrserved on resonance are due to sin- 
gle atoms and not simply to noise fluctuations. 


Chiefly because of the availability of broadly tunable 
lasers, it has become possible in the last few years to 
detect a single atom and to measure its motion. In 
fluorescence techniques, 1-1 the atom is detected through 
the photons it emits when it is excited by a resonant 
laser beam. In ionization techniques/’ 8 the atom is 
ionized by the resonant lasers, and the resulting electron 
and/or ion is detected. Only two of the previous ex- 
periments have been able to record the presence of one 
atom at the time it was in the laser beam. Hurst et 
al. r> 7 detected single atoms created by photodissocia- 
tion or radioactive decay in coincidence with the cre- 
ation event with nearly 10091 efficiency. Greenlees et 
at. 4 recorded bursts of six or more fluorescence photons 
in altout a microsecond when a single sodium or barium 
atom in vacuum passed through their cw laser beam. 
We present in this Letter a third demonstration !, of true 
single-atom detection in which we record the temporal 
characteristics of the photon burst from a single atom 
using a real-time digital correlator. In this way, we not 
only detect single atoms but we also measure their 
motion. 

An atom that moves in a straight line through the 
center of a saturated resonant laser beam of Gaussian 
spatial profile will emit a total number of protons 1 " 

F = i\R s T, (11 

where R, is the saturated fluorescence rate and T is the 
atomic transit time across the laser beam of diameter 
d - ‘he. For the optimum case, 1 " the intensity in the 
beam center is 1.91 times the saturation intensitv.and 
the constant a = 0.55. Typical experimental parame- 
ters for detecting single sodium atoms at room tem- 
perature in vacuum and in 200 Torr of helium are pre- 
sented in Table 1. For detection in vacuum, it is im- 
portant that the total detection efficiency (the product 
of optical collection efficiency and detector quantum 
efficiency) be high, on the order of HFc. This efficiency 
is not achievable with simple lenses, mirrors, and 
available photomultipliers. Greenlees et at. used an 
ellipsoidal light collector to get 5 *7 total detection effi- 
ciency. In column 1 of Table 1 we predict that about 


two photocounts per atom will be detected for typical 
experimental conditions. This is consistent with the 
observations of Greenlees et at. Because of the short 
transit time of an atom in vacuum, background count 
can be made negligible. A larger laser beam is useful 
in this case because it increases the transit time, T, and 
hence the fluorescence yield, F, according to Eq. (1). In 
a buffer gas, the atomic transit time is much longer, so 
smaller laser beams and lower collection efficiencies can 
be tolerated. A simple lens detection system is suffi- 
cient. Because of pressure broadening, higher powers 
are needed to saturate the atomic transition. In this 
case, competition from stray light and Rayleigh scat- 
tering is quite important. Single-atom detection in 
helium is still relatively easy. In gases with high Ray- 
leigh-scattering cross sections, single-atom detection 
may be difficult, although the burst method has the 


Tabic 1. Comparison of Parameters for Single-Atom 
Detection in Vacuum and in a Buffer Gas at 300 K 


Parameter 

Vacuum 

200 Torr 
of He 

Beam diameter, d - 2w 

1 mm 

0.4 mm 

Saturation intensity 

16 mW/cm- 

5.4 W/crn* 

Optimum laser power 

0.12 m\V 

6.5 m\V 

Hms velocity 

460 m/sec 

- 

Diffusion coefficient 

- 

1.9 cm-’/sec 

Transit time, T 

2.2 Msec 

212 psec 

Saturated fluorescence 

3.6 X 10 7 sec" 1 

4.1 X 10" sec” 1 

rate. R, 

Photons emitted, F (opti- 

43 

4860 

mum) 

Detection efficiency, < 

5% 

0..V® 

Background count. 

Btlime T) 
due to strav light 

4 x ur - 

21 

(d = ;ix nr") 

due to Rayleigh 

0 

10 

scattering 

One-atom signal count, N 

»> •> 

24 

Signal-to- noise ratio. 

11 

4.3 

S.\ H 
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Fig. I. The experimental iippnralus. 


advantage that only the fluctuations of the constant 
stray-light signal compete with the single-utom 
hursts. 

Technically. Bq. (1) is not applicable to a sodium 
atom in 200 Torr of helium because the diffusion motion 
does not follow a straight line. Nevertheless, wecan use 
Kq. ( 1 ) to obtain a rough estimate for the photon yield 
if we set T equal to a typical diffusion time across the 
laser beam. d '/Al), where /) is the diffusion coefficient 
of sodium in 200 Torr of helium, 1.9 cm-Vsec. With thus 
approximation, we expect to obtain 24 counts in the 
photon burst from a typical sodium atom. During this 
time, the constant background signal will he 31 counts, 
with a typical fluctuation of \ 31 = full counts. Thus 
the expected signal -to- noise ratio in single-atom pho- 
ton-hurst detection is nlxmt 5:1. This is consistent with 
what we observed in our experiments. 

The apparatus we used for single-atom detection is 
shown in Fig. 1. It consists of a cell in which buffer gas 
at a given pressure (typically 200 Torr) is (lowing slowly 
(typically l cm/sec) across one beam from a Coherent 
5119 single-frequency dye laser. Three baffles are used 
on each side, and a light trap at the end reduces the 
stray light reaching the detector to about it X 10*" of 
the incident laser light. The fluorescence photons 
emitted by a sodium atom crossing the laser beams are 
collected at right angles to both the laser beam and the 
helium flow by a pair of f/l condenser lenses with a 
matching spherical mirror. The detector is an RCA 
31034A photomultiplier cooled to — :t0°C. The pho- 
tocounts are processed by a Malvern single-dipped 
digital correlator (Model 7020) operating either in the 
autocorrelation or the probability density mode. A few 
sodium atoms are seeded into the helium flow by heat- 
ing a small piece of sodium metal in the inlet tulie. The 
average number of sodium atoms in the viewing volume, 
A’, is monitored by measuring the total fluorescence 
count rate. (>. at low laser powers. /’. It is given 
by" 

,Y= -tc'Cyhi’/Pt a. (2) 

The peak-absorption cross section. <r. of the pressure- 
broadened transition is determined by measuring the 
line profile and using the standard formulas for inte- 
grated cross section. At 200 Torr of He. the measured 
linewidth is 3.S (5 Hz. and o = 2.0 X 10" cm-. The 


detection efficiency, r, is determined in two ways: (1) 
by measuring the unsaturated resonance fluorescence 
from a sealed-off sodium cell in vacuum and using the 
known equilibrium density and absorption cross section 
at rixmi temperature in Eq. (2) and (2) by measuring the 
Rayleigh scattering that is due to 200 Torr of He and 
using the known Rayleigh cross section 1 '-’ in Eq. (2). 
Both methods give the same answer, which ranged from 
0.:n to l.ll'r in our experiments. 

After the sodium-seeding level was adjusted so that 
there was much less than one atom in the beam, the 
correlator was turned on and off repetitively. The 
measurement time was set for 100 digital channels, 
corresponding to a few milliseconds in a typical exper- 
imental nm. For many runs, no photon correlations 
other than small noise fluctuations were observed. 
When the laser was turn'd on resonance with the l) < line, 
ns many as 20 r 5> of the observations (depending on so- 
dium concentration used) yielded correlation functions 
displaying discernahle photon hursts. These were the 
bursts produced by single atoms traversing the laser 
beam. One such correlation function is shown in Fig. 
2. A single photon hurst extending over 12.5 channels 
can he clearly seen. The atomic transit time can be 
determiner! by \^2 times the number of channels times 
the sample time, or T ^ 1150 psec. The total numlter 
of photons in the hurst can lie rend from the ordinate 
intercept" if the average background noise level is 
subtracted. We read about ll> counts in this burst. 
The measured laser power, /*. beam-waist radius. u\ and 
detection efficiency. t. for this experiment were 3.8 mW. 
212 p m. and t>.37 r r. respect ivelv. These condit ions are 
not far from those tabulated in column 2 of Table 1. 
The exact prediction for this experiment using the 
meusured transit time. 7’ = 350 psec. is 21 counts. Thus 
the ex|)eriment and theory agree quite well, considering 
the approximations made. 

The average number of sodium atoms in the detect ion 
volume was determined from Eq. (2) to he 0.002 in this 
experiment. Thus it is unlikely that a second sodium 
atom w:ts present during the recording of the correlation 
function in Fig. 2. When the sodium-atom flux was 
increased by turning up the heat to the sodium pellet, 
we began to see two or more humps in the correlation 



■o co 40 

wets 

Fig. 2. Single-clipped correlation function of the fluorescence 
photon burst emitted by one sodium atom crossing the reso- 
nant dye-laser lieam in 2lX> Torr of helium. The experinu-nt.il 
parameters are: laser power l’ ~ 3.8 m\V; beam-waist radius 
if - 212 pm: measurement time. !tX> samples or 2 msec: 
measured detection efficiency. (>.;17 r r. 
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Fie- S. Probability distributions of detected photon counts 
on and off resonance compared with a Poisson distribution 
(solid line). The sample time was set at 250psec. Each run 
represents 10*’’ total samples. 


functions, representing photon bursts front more than 
one sodium atom. When the laser was tuned off reso- 
nance, we did not see any correlation functions of the 
quality of those in Fig. 2. We saw only occasional cor- 
relations of poor quality, which presumably were due 
to statistical background fluctuations. 

In order to make sure that the observed photon hursts 
were due to single atoms rather than to noise fluctua- 
tions. we did a probability analysis of fluorescence 
photocounts. The probability density mode of the 
correlator was used for this study. The sample time was 
set several times longer than typical atomic transit times 
so that a fluorescence hurst would fall completely within 
one sample period. Huns were made with the laser 
tuned on and off the sodium /J-j line. The laser power 
was adjusted such that the total average counts per 
sample was approximately the same for both runs. The 
results are shown in Fig. 3. The fluorescence count rate 
on resonance was 11800 counts/sec. or 0.95 count per 
sample. This corresponded to about 0.05 atom on the 
average in the observation volume. The background 
scattering that was due to stray light and Rayleigh 
scattering contributed 1-1.2 and 15.8 counts per sample 
on the average for the on-resonance and off-resonance 
runs, respectively. 

If the detected photons were all due to random noise 
and contained no fluorescence hursts, a Poisson distri- 
bution would he expected. This is indeed what we 
observed when the laser was tuned off the sodium res- 
onance. The solid line in Fig. .'1 is a Poisson distribu- 
tion; it fits the off-resonance data quite well. This 
confirms that the marginal correlations seen off reso- 
nancr are just small noise fluctuations. In the on-res- 
onance case, the tail of the distribution extends about 
5-10 counts beyond the off-resonance distribution. 
Since the total count rates were adjusted to be about 
equal, this cannot be explained by any random prewess. 
The fluorescence photons must he arriving in hursts on 
the order of 5-10 counts. Note that in this case we used 
a smaller Want diameter than in the experiment of Kg. 
2: the burst size predicted from Kq. ( 1 ). with correction 


for less than optimum power, is four counts. Thus this 
experiment is also in agreement with theory. 

In our previous paper, 10 we had proposed to measure 
flow speeds in gases using the photon-burst correlation 
technique on single atoms as an alternative to laser 
Doppler velocimetry and laser time-of-flight velocim- 
etiy. 13 1° our initial flow cell, shown in Fig. 1, we could 
perform experiments only at low flow speeds 11 (<1 
m/sec) with small laser beams (diameter < 1 mm). 
Under these conditions, the time for a sodium atom to 
diffuse across the laser beam is in fact shorter than the 
transit time that is due to the mean flow. Thus it is 
impossible to measure flow speeds with this appa- 
ratus. 

On the other hand, the observed transit time in Fig. 
2 does represent a direct measurement of the diffusion 
time of that atom in the laser beam. In that sense, we 
have actually made a real-time determination of the 
atom's motion. By averaging the diffusion times of 
many atoms, we are able to make accurate determina- 
tions of the diffusion coefficient of sodium in helium and 
other buffer gases. 11 

In summary, we have presented experimental data 
indicating the real-time detection of single sodium 
atoms in a slow helium flow at 200 Torr. From the 
width of the correlation function of the detected sin- 
gle-atom fluorescence burst, the transit time for the 
diffusing atom can be estimated. In this sense, the 
motion of a single atom has Wen observed directly. In 
order to verify that we are indeed detecting single-atom 
events, we measured the distribution of fluoresence 
bursts resulting from individual atoms’ crossing a laser 
beam. As expected, the on-resonance photon-burst 
probability distribution differs considerably from the 
corresponding Poisson distribution for random noise. 
All measurements of the burst photon counts agree with 
the rough predictions of theory. 

This research was supported in part by a grant from 
NASA/Ames Research Center. 

References 

1. \V. M. Fairbank. .lr..T. \V. Hansch, and A. l« Schawlow. 
4. Opt. Soc. Am. 65. 199(11)75). 

2. 4. A. Gelbwachs. C. (5. Klein, and .1. K. Wcssel. Appl. I’hys. 
Wit. 30, 4S9 (1977). 

3. V. I. Balykin ft at.. .IETF Lett. 26, 337 ( 1977). 

4. G. \V. Greenlees ft at.. Opt. Commun. 23, 236 ( 1977). 

5. G. 8. Hurst. M. H. Navfeh, and F. Young. Appl. Fhvs. 
Lett. 30, 229 ( 1977). 

6. L W. Grossman ft at.. Chem. Fhvs. Lett. 50, 70 (1977). 

7. S. P. Kramer ft at.. Opt Wtt. 3, 16 ( 1978). 

8. G. I. Bekov ft at.. Opt. Lett. 3, 159 (1978). 

9. Single tons have also been trapped electrostatically and 
detected recently using fluorescence methods by \V. - 
N'euhauser ft at., in l.ascr Spectroscopy IV. H. Walther 
and K. \V. Rothe. eds. (Springer-Verlag. HeidelWrg. 
1979). p. 73. 

10. C. Y. She. IV. M. Fairbank. .!r., and K. \V. Billman. Opt. 
Wtt. 2. 31) (1978). 

It. C. I- Fan. Fh.0. thesis. Department of Fhvsics. Colorado 
State University. 1979 (unpublished). 

12. R. R. Rudder and 1). R. Bach. -I. Opt. Soc. Am. 58, 1260 
(1968). 

13. C. Y. She. Opt. Acta 26. 645 (1979). 


Reprinted from OPTICS NEW'S/Spring 1979 
Appendix III 

Single -Atom Detection 

with 
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Primarily because of the development 
of broadly tunable dye lasers, it has 
become possible to detect a single 
atom and also to measure its velocity. 
In the last five years, a number of dif- 
ferent single-atom detection schemes 
have been proposed and demonstrated. 
In some cases, the detected atoms 
were in a vacuum; in other experi- 
ments. detection was possible even in 
the midst of 10 1 9 atoms/cm 1 of a dif- 
ferent atomic or molecular species. 

In this article we will review the dif- 
ferent methods of single-atom de- 
tection. As an example, wc will con- 
centrate on our own single-atom 
velocity measurements by the method 
of laser-resonance fluorescence. Our 
emphasis on the resonance-fluorescence 
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method should not be construed as an 
endorsement of this technique as the 
best of the different schemes. In fact, 
the exact conditions of each experi- 
ment and the types of dye lasers 
available to the experimenter will 
dictate which single-atom detection 
method is the best choice. 

All the single-atom detection meth- 
ods that have been demonstrated to 
date involve the same first step: exci- 
tation of the atom to a low-lying 
excited state by a dve-lascr beam 
tuned to the resonant wavelength of 
the atom. This is represented by the 
large arrow in Fig. 1. In most cases, 
this step can be performed quite 
easily. A few milliwatts of dye-laser 
power is usually sufficient to saturate 
the transition, creating a high probabil- 
ity that the atom is in the upper level. 
The excited atom then is detected in 
one of the six different ways shown in 
Fig. 1. 
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FLUORESCENCE METHODS 

The first four pathways of Fig. 1 are 
variations on a general method called 
laser-resonance fluorescence or laser- 
induced fluorescence. Detection oc- 
curs through the spontaneous emission 
that the atom radiates in all directions 
when it decays from the excited state 
back to the ground state via one of the 
four pathways. The delays before 
emission are usually short (1CT 7 to 
10'® sec), and reexcitation can occur 
soon after the atom returns to the 
ground state. This means that up to 
10 7 to 10® excitations and decays can 
occur in an atom each second, result- 
ing in 10 7 to 10* photons/sec of spon- 
taneous emission. In a typical experi- 
mental apparatus the light is collected 
by lenses and/or mirrors in a direction 
at right angles to the laser beam. Dia- 
phragms are often carefully placed so 
that little laser light bounces off sur- 
faces and reaches the detector and 
photon-counting apparatus. Even with 
a moderate collection efficiency, on 
the order of 10 s counts/sec of signal 
can be recorded each time a single 
atom passes into the laser beam. Pro- 



Fig. I. Different schemes for detecting 
single atoms with lasers. After an atom is 
excited by a laset (the large arrow), it may 
be detected by observing its resonance 
fluorescence (path 2) or fluorescence at a 
different frequency (paths 1 and 3). by 
the method of SONRF.S (path 4), by photo- 
ionization (path 5), and by field ionization 
(path 6). The nonradiative thermal energy 
for paths l and 3 may also be detected by 
photoacoustic spectroscopy. 
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SONRES was done with sodium aii'ins I Similar experiments on single-atom ' figure. 
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Before we go on to describe paths 5 
and 6 in Fig. 1 , in which electrons 
rather than photons are detected, two 
comments are in order. First, in many 
cases, intermediate states, such as in 
paths 1,3, and 4 in Fig. 1 , can be a 
hindrance rather than a help to single- 
atom detection. If the emission from 
these states is slow, the atom gets 
stuck in these “metastable” states and 
cannot be excited again. This problem 
does occur in sodium and barium but 
is not so severe as to prevent single- 
atom detection. In some other atoms, 
particularly more-complex ones, the 
problems are more severe, and detec- 
tion of individual atoms by fluores- 
cence methods will be more difficult. 
(Of course, if single-atom detection on 
the average is all that is desired, such 
atoms can be removed and replaced by 
new ground-state atoms.) 

Second, it is conceivably possible to 
do single atom-detection by using the 
energy liberated in the collisions (the 
dashed lines in paths 1 and 3). Often 
this energy is converted directly into 
kinetic energy of the buffer gas. The 
local temperature and pressure rise 
propagates outward as an acoustic 
wave f r om the atom and is detectable 
by sensitive microphones. This is 
called optoacoustic or photoacoustic 
spectroscopy. Although detection of 
small absorptions has been achieved 
with this technique.’ to out knowl- 
edge it has not been demonstrated yet 
on the single-atom scale. 

IONIZATION METHODS 

Paths 5 and 6 in Fig. I represent a 
totally different concept in single- 
atom detection. In these methods, 
laser-induced ionization of the atom 
occurs, creating a free electron and an 
ion. These charged particles are then 
detected by electrodes placed near the 
interaction region. 

The lust experiments using reso- 
nance-ionization spectroscopy (R1S) 
(path 5) for single-atom detection 
were done by Hurst cr jL at Oak Ridge 
National Laboratory in 1976. & In their 
scheme, cesium atoms were ionized 
directly by the same high ".tensity 
pulsed-laser beam that p ovided the 
first step of excitation. A buffer-gas 
mix of argon and methane was added 
to the detection chamber so that the 


single electron released by photo- 
ionization of one atom led to an ava- 
lanche of 10 4 electrons, as In a gas- 
proportional counter. These experi- 
ments actually were done about a year 
before the Minnesota and USSR exper- 
iments using resonance fluorescence. 
Thus the Oak Ridge group was really 
the first to achieve true single-atom de- 
tection using a laser. 

One of the disadvantages of the RIS 
method is that photoionization cross 
sections are small compared with cross 
sections for transitions between bound 
states. Thus a high-power pulsed laser 
(on the order of a kilowatt) was re- 
quired. Bekov et at. at the Institute of 
Spectroscopy in Moscow pointed out 
that the laser-power requirements 
could be reduced by several orders of 
magnitude if the second laser beam ex- 
cites the atom instead to a high-lying 
state near the ionization limit. After 
the two-step excitation by the pulsed 
lasers, a pulsed electric field on the 
order of 10 kV/cm is applied to the 
atom. This is sufficient to cause spon- 
taneous ionization of the highly ex- 
cited atoms only , as indicated in path 
6 of Fig. 1 . The ion is then accelerated 
and detected by an election multiplier 
tube. This method is called selective 
laser excitation and field ionization by 
its proponents. Bekov t 't at. detected 
single sodium and ytterbium atoms by 
this method in I978. 1 

COMPARISON OF METHODS 

None of the six schemes shown in Fig. 

1 is clearly superior to the others. The 
two ionization methods have the ad- 
vantage that they are applicable to a 
wider variety of elements. Usually ion- 
ization occurs rapidly, before the atom 
has a chance to decay to inetastablc 
intermediate states. At least half the 
elements could be detected with 
single-atom sensitivity by both ioniza- 
tion methods. One disadvantage of the 
ionization schemes, however, is that 
pulsed lasers are required. Unless the 
atoms are moving very slowly or the 
laser repetition tale is very high, some 
atoms will go undetected during the 
time between laser pulses. A second 
disadvantage is that the atoms are de- 
stroyed in the detection process (they 
become ions). Certain applications. 


such as the single-atom velocity mea- 
surements described below, cannot be 
done with these methods. The fluores- 
cence schemes all have the advantage 
of using low-power continuous dye 
lasers. In addition, the detection pro- 
cess is nondestructive. The main disad- 
vantage of the fluorescence methods, 
however, is the limited applicability. 
The many cycles of excitation and 
emission that are required provide 
plenty of opportunities for the atom 
to get stuck in a metasu'oie inter- 
mediate state. As a result, most atoms 
from the middle of the periodic Uble 
are not good candidates because they 
have multiple ground states. Only the 
alkali and alkaline earth elements ap- 
pear favorable for true singIe-3tom 
detection by fluorescence methods. 

A variety of interesting applications 
should be possible now that single- 
atom detection has been successfully 
demonstrated. Wc have already men- 
tioned high-resolution spectroscopy on 
rare isotropic species. Two other appli- 
cations that we will discuss in this arti- 
cle are measurements of the velocity - 
of single atoms and the possibilities of 
applying these methods to look for 
quarks. Other exciting applications in- 
clude the detection of solar neutrinos 
and super-heavy elements, measuring 
evaporation from surfaces directly, 
studying slow transport processes and 
chemical reactions, and investigating 
the statistical fluctuations of atoms in 
a small volume. 

SINGLE-ATOM VELOCITY 
MEASUREMENTS 

In 1976. Bartlett and She discovered 
that, by modifying conventional laser- 
Dopplcr-velocimetry (LDV) tech- 
niques. they could measure the veloc- 
ity of a single dust particle moving 
with the wind at a distance of 100 in." 
They used two parallel beams rather 
than crossed beams, as in the LDV 
method. In their method (called LTV), 
a burst of light is scattered by a dust 
particle when it passes through each 
laser beam. A telescope and a photon 
counter located near the laser detect 
two bursts of photons for each dust 
particle passing through the two laser 
beams. A clipped digital correlator 
computes the correlation function of 
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F«. 3. The experimental setup 
for single-! lorn velocity mea- 
surements. 


the detected counts in teal time. The 
time of flight, T. of the particle be- 
tween the two beams can be deter- 
mined directly from the correlation 
function of scattered light on the oscil- 
loscope. The transverse velocity of the 
particle can then be calculated using I’ 
= J/T. where J is the measured separa- 
tion of the two laser beams. 

The impressive sensitivity obtained 
with individual dust particles at large 
distances led us to expect that the 
velocity of individual atoms could be 
measured at short distances.’ The suc- 
cess of the Minnesota group in detect- 
ing bursts of fluorescence from single 
atoms confirmed our expectations. We 
built the apparatus shown in Fig. 3 for 
the purpose of measuring the velocity 
of single sodium atoms. Some care was 
taken to reduce the level of stray laser 
light reaching the detector with the 
use of Brewster windows, light traps, 
and baffles., The detectable stray light 
in this cell is about 10’" of the inci- 
dent laser light when the cell is evacu- 
ated. When the cell is tilled with 
helium buffer gas at 200 Torr. flowing 
vertically downward, a small amount 
of additional stray light tiiat is due to 
Rav leigti scattering results. 

A few sodium atoms ate seeded into 
the helium flow by heating a side pock- 
et containing sodium metal. As the 
sodium atoms drift through the two 
laser beams, we expect to see a burst 
of fluorescence as an atom crosses 
each beam. Although the total effi- 
ciency of our lens-mirror and photo- 
multiplier system is only 1*7 (one 
count detected per 100 photons emit- 
ted). theoretical calculations predict 
that each detected burst will contain a 
number of counts under a variety of 
flow conditions. 


In our initial experiments we have 
been using 130-pm-diameter laser 
beams of about 1-rnW power, each 
with a separation of J = 875 pm. The 
flow speed, as determined by experi- 
ments using dust particles, is about 80 
cm /sec in the focal region. With this 
apparatus we have observed correla- 
tion functions in real time such as that 
shown in Fig. 4. Tire center of the sec- 
ond bump in Fig. 4 gives the apparent 
time of flight. T = 900 psec. from 
which we calculate that r = 97 cm/sec. 
The observed number of counts in 
each burst, about 30. is in good agree- 
ment with theoretical predictions.’ 
Unfortunately, we cannot say for 
sure that we have measured the veloc- 
ity of a single atom in Fig. 4. At the 
pressures and beam sizes of this experi- 
ment, d'ffusion contributes as much to 
the ato n‘s observed motion as the 
mean flow velocity. In fact, we cannot 
be absolutely sute that both bursts of 
counts were due to the same atom. It 
is possible that one atom diffused side- 
ways after it passed through the First 
beam and missed the second beam. 
Sometimes we do observe single-bump 



Fig. 4. A correlation function obtained 
wiih the apparatus of Fig. J. The taser 


teams were 130 i-m in diameter and sepa- 
rated bv 870 »m. The total measurement 
time was 4 msec ttOO samples). 



Fig. 5. Probability distributions for 
photons arriving in 250-ysec time arrivals: 
laser off resonance (dashed line) and laser 
hi resonance (solid line) with sodium atoms. 


correlation functions indicating only a 
single burst from an atom. Although 
wv have reduced the sodium density to 
prevent the appearance of two atoms 
in a measurement time, we cannot rule 
out the possibility that Fig. 4 may rep- 
resent two different atoms rather than 
one atom traversing two laser beams. 
We can be sure, however, that each 
burst observed is due to a single atom's 
passing through a laser beam. 

In order to check the statistics of 
burst sizes and occurence frequencies, 
we measured probability distributions 
for the number of counts in a sample 
time (250 psec) larger than a typical 
atom's transit time across one beam 
(130 psec). To simplify the analysis, 
only one laser beam was used in these 
experiments. When the laser was tuned 
off resonance, we obtained the distri- 
bution represented by the dashed line 
in Fig. 5. This distribution is exactly 
Poisson, corresponding to random 
noise and no bursts. When we tuned 
the laser back to resonance, we saw a 
non-Poisson distribution, as indicated 
by the solid line in Fig. 5. Note that 
on-resonance samples with 30-50 
counts occur much more frequently. 
These sample times must have con- 
tained bursts of counts from single 
sodium atoms. Computer calculations 
that take into account the measured 
density of sodium atoms agree well 
with these observations. 

We arc currently working on mea- 
♦urements with larger beam diameters 
and faster flow speeds, in which dif- 
fusion plays a lesser role. Only after 



Reprinted front OPTICS NFWS/Spring 1474 


these experiments are completed will 
wc be able to say that single-atom 
velocity measurements have been 
made unambiguously. As further im- 
provements are made, we hope that 
How speeds of I0 4 -10’ cnt/sec will be 
measurable with this type of appara- 
tus, setting the stage for wind-tunnel 
applications. Another interesting appli- 
cation is the measurement of the dif- 
fusion coefficients themselves. The 
correlation functions obtained with 
one laser beam at low flow speeds, 
where diffusion dominates, could be 
used to determine the diffusion coef- 
ficients of atoms in a buffer gas di- 
rectly. 

SPECTROSCOPIC SEARCH FOR 
QUARKS 

One of the most exciting applications 
of single-atom detection is an optical 
search for quarks, the fundamental 
subunits of elementary particles. The 
theory of quarks, which dates back to 
1464. is now well established. Accord- 
ing to this model, the quarks will have 
noninteger charge: i 1 3 or i 2/3 
times the charge of the electron. A 
variety of quarks searches, including 
cosmic-ray. mass-spectrometer, accele- 
rator. and magnetic-levitation experi- 
ments. has been conducted. However, 
until two years ago. no experiment 
produced any reliable evidence tor the 
existence of free quarks. By this time 
theorists had developed models that 
predicted that quarks cart only exist 
inside elementary particles and not 
alone by themselves. Then, in 1°". 
Larue ct ut . 1 0 of Stanford I’niversity 
reported evidence for fractional 
charges in units of I 3 e in supercon- 
ducting Millikan-type experiments 
they had been vvotkingon for over a 
decade. Still, two years later, tro solid 
confirming evidence, except trout their 
own experiments.’ 1 has been pub- 
lished. 

Most of the principal researchers in- 
volved with single-atom detection with 
lasers have expressed interest in look- 
ing for quarks by spectroscopic means. 
Tlrts idea was mentioned in the origi- 
nal paper by Fairbank of j /. 1 and has 
appeared in subsequent publications 
by others. A number of proposals have 
been submitted by these researchers. 



I'tg. 6. Energy levels of a sodium atom 
and a sodium atom with a -l/3-e quark 
bound to the nucleus. 


but not one has yet been funded. The 
mood of the physics community still 
seems to bo one of skepticism, parti- 
cularly among high-energy theorists, 
whose models are now in conflict with 
the Stanford experiment. 

The proposed optical quark searches 
would look for quark atoms, that is. 
atoms that have a fractional nuclear 
charge because an extra quark is 
bound to the nucleus. Since we can 
now detect single atoms, we should be 
able to find the one exotic quark atom 
that might be in a sample. Tire pre- 
dicted energy levels of a sodium atom 
with a -1. 3-c quark bound to the nu- 
cleus ate shown in Fig. (v. as an ex- 
ample. Note that the fractional change 
in nuclear charge has a pronounced ef- 
fect on the energy levels; it reduces the 
spacings by almost a factor of 2 in this 
case. Tire first excitation step tor these 
quark atoms would have to be at 4700 
or (>025 A. instead of 5S4Q A as in 
normal sodium. The second step could 
involve any of the methods shown hi 
Fig. I . In the resonance-fluorescence 
scheme, lot example, when the excita- 
tion is at t>025 A. the photons at 
cither 6025 or 4700 A could be used 
for detection. 

Since no accurate calculations from 
first principles have been done for 
quark atoms, the energy levels shown 
in Fig. t> are only approximate. They 
were obtained by extrapolation of ex- 
perimental data for the sodium isoeiec- 
tronic sequence. The uncertainty in 
the wavelengths shown is on the order 


of 100 A. This is typical of estimates 
for other -1/3-e quark atoms. For 
+l/3-e quark atoms, however, inter- 
polation rather than extrapolation is 
required, and accuracies of a few 
angstroms can be obtained. 

One of the advantages of optical 
quark searches is that, if resonances 
appearing to be quark atoms are 
found, they can be tested unambig- 
uously by looking for transitions to 
higher states. 

By using the observed resonance 
wavelength, the higher quark-atom 
transitions can be predicted very ac- 
curately. A successful optical quark 
search should leave no doubt as to 
whether or not a free quark has been 
found. These types of experiments, 
therefore, are ideal as confirmation 
tests of the existence of free quarks in- 
dicated by the Stanford experiments. 

Our work on single-atom velocity 
measurements has been supported by 
NASA and monitored by Ames Re- 
search Center. The data displayed in 
Figs. 4 and 5 were taken by graduate 
students C. L. Pan and J. V. Prodan. 
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